Abstract-Unveiling the correlation between elemental composition, Fermi-level splitting, and charge collection in perovskite solar cells (PSCs) when exposed to different environments is crucial to understanding the origin of defects. This will enable defect engineering to achieve high-performance and long-lasting PSCs. In this paper, we measured, for the first time, the spatial distribution and charge-collection efficiency at the nanoscale by synchrotronbased X-ray fluorescence (XRF) and X-ray beam-induced current (XBIC) with subgrain resolution, and we observe a correlation between Pb/I ratio and charge-collection efficiency. In contrast with other thin-film solar cells, PSCs are highly sensitive to ambient conditions (atmosphere and illumination). As the XRF and XBIC measurements were conducted in vacuum under an X-ray source illumination, the impact of measurement conditions on the cells needs to be taken into account. Furthermore, necessary conditions for quantification of XRF/XBIC measurements, such as film homogeneity, are not fulfilled in the case of PSCs. Therefore, we will discuss fundamentals of XRF/XBIC measurements of PSCs that will enable reliable, quantitative, high-resolution measurements of elemental distribution and charge collection. Index Terms-Charge collection, degradation, methylammonium lead iodide (MAPI), perovskite, solar cell, X-ray beaminduced current (XBIC), X-ray fluorescence (XRF).
I. INTRODUCTION
L OW energetic production costs, accessible and abundant material constituents, and efficiencies on par with those of silicon and cadmium telluride cells [1] identify perovskite solar cells (PSCs) as a potentially disruptive technology. However, none of the advantages of PSCs will be relevant if myriad stability challenges are not solved, since the levelized cost of electricity is strongly dependent on cell service lifetime [2] .
The vulnerability of PSCs to humid atmospheres is universally acknowledged. At relative humidities as low as 10%, water infiltrates thin films of methylammonium lead iodide (MAPI) [3] . Forced humidity exposure reversibly converts MAPI into a monohydrated form (CH 3 NH 3 PbI 3 •H 2 O) and then irreversibly into a partially decomposed dihydrated form ((CH 3 NH 3 ) 4 PbI 6 •2H 2 O + 3PbI 2 ) [4] . However, the presence of oxygen and humidity has been shown to increase the conductivity of MAPI under illumination [3] .
In full devices, ionic motion appears to be induced by visible light [5] and electrical bias [6] , with the ions' ability to move being thermally activated. The current-voltage hysteresis observed in PSCs is frequently attributed to this ionic motion, although some assert that a ferroelectric effect is to blame [6] .
Phase transitions may pose yet another threat to PSC deployment. Since MAPI transitions from a tetragonal to cubic phase at 57°C [7] , PSCs of that material could be expected to regularly pass through that phase change in the course of normal operation. Initial work shows that photovoltaic performance does not change dramatically during that phase transition [8] , but the long-term effects are not yet understood.
Clearly, there are several interrelated conflicting effects to consider in the degradation of PSCs. These effects must be separated and differentiated in order to understand PSC operation in both deployment and laboratory measurements. Not all of these dependencies that can possibly lead to misinterpretation of measurements are fully understood. Therefore, we will discuss in this contribution measurement aspects that are specific to spatially resolved X-ray measurements.
Solution processing of PSCs is viable, due to the tolerance of PSC performance to defects [9] , but it also makes them more difficult to study. Perovskite thin films tend to be highly inhomogeneous, as demonstrated via cathodoluminescence microscopy [10] , photoluminescence, and X-ray diffraction techniques [11] .
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This built-in sample variation complicates the interpretation of experimental results when comparing identically prepared cells or even within a single cell.
Here, we demonstrate a method to directly correlate the material composition and electronic performance of individual perovskite grains, even for small grains produced via solution processing. Using an X-ray source with a highly focused spot size, nano-X-ray fluorescence (n-XRF) data are obtained simultaneously with X-ray beam-induced current (XBIC) from fully working devices with minimal sample preparation. There are proven benefits of simultaneously comparing chemical composition with electrical performance at the nanoscale using synchrotron nanoprobe beamlines [12] - [16] . Electronbeam-based techniques such as presented in [17] - [21] can be sensitive to elemental variations too and provide insight into degradation mechanisms, and in analogy to XBIC, the electronbeam-induced current (EBIC) can be measured to assess the solar cell's electrical performance. The differences between XBIC and EBIC are detailed in [22] ; the main advantages of probing X-rays compared with electrons are the following.
1) Higher penetration depth: As X-rays penetrate with ease through organic materials or transparent conductive oxides, full cells can be probed, and the measurement is sensitive to bulk, whereas electrons are mainly sensitive to the surface. 2) Less sample preparation: As a direct consequence of the high penetration depth of photons, sample preparation is reduced to a minimum. In particular, there is no need to cut out lamellae by focused-ion beam, which induces a variety of artifacts and sample degradation in the case of transmission electron microscopy. 3) Higher in-situ and operando flexibility: The attenuation of X-rays in different atmospheres is orders of magnitude lower to that of electrons. Hence, reaction chambers for in-situ and operando experiments can be orders of magnitude larger-even the fabrication of solar cell absorber layers with nanoscale tracking of different elements in a synchrotron beamline has been demonstrated [23] . 4) Higher elemental sensitivity: Photons do not emit Bremsstrahlung radiation, but high-energy electrons do, which contributes to a significant background in the case of electron-beam-based energy-dispersive X-ray spectroscopy but not in the case of XRF. These advantages of X-ray microscopy can in many cases not be compensated by the higher spatial resolution of electron microscopy. In fact, although electron beams can be operated with a smaller spotsize, the true resolution of EBIC is often lower than that of XBIC due to the larger interaction volume caused by highly scattering incident electrons [22] . Therefore, the combination XRF/XBIC is in most cases better suited to probe simultaneously elemental composition and charge collection than electron-microscopy methods.
II. EXPERIMENTAL DETAILS

A. Perovskite Solar Cells
All PSCs were prepared as described in [24] . The conversion efficiency of the cells presented here is 13.5%. In brief, a compact 25-nm-thick TiO 2 layer was deposited by sputtering on indium-tin oxide (ITO)-coated glass substrates. Then, a 170-nm-thick mesoporous TiO 2 layer was spin coated and sintered at 500°C for 15 min, followed by infiltration with a 1.2-M solution of lead iodide and methylammonium iodide at a molar ratio of 1:1. Toluene was dripped on the rotating samples close to the end of the 30 s spinning at 5000 r/min. The samples were then annealed at 100°C for 10 min and covered with a spiroMeOTAD layer acting as the hole transport layer. The cells were then finished with a transparent electrode consisting of a 10-nmthick WO x thermally evaporated layer and a sputtered bilayer (100-nm hydrogenated indium oxide (IOH)/10-nm ITO).
B. Simulations
For a better understanding of the charge generation in bulk perovskite material and complete layer stacks, we simulated the X-ray absorption processes including secondary particle generation and absorption using the software package PENELOPE [25] , [26] . The simulations presented in Fig. 7 were performed using a personalized version of PENCYL that is included in PENELOPE. For Fig. 6 , we used the software PYPENELOPE [27] that is based on PENELOPE. In its application, PENE-LOPE is similar to the electron-microscopy simulation software CASINO [28] , but it is more flexible and can handle incident photons in addition to electrons. The simulation parameters were as close as possible to experimental parameters (9-keV incident photon energy, layer stack with known thicknesses and composition) with the exception of the incident angle (incident beam perpendicular to sample surface) and the spotsize (point source with unidirectional beam). The effect of spotsize is discussed in [31] . The mixed-phase layer was assumed to consist of volume ratio CH 3 NH 3 PbI 3 :TiO 2 = 1:1. As only atomic concentrations are relevant for this type of simulations only considering energies above 50 eV, no assumptions were made concerning energy bands, refractive indexes, etc., that are relevant for optical simulations in the low-photon-energy range only.
C. X-Ray Fluorescence and X-Ray Beam-Induced Current
We performed experimental studies using n-XRF at the Center of Nanoscale Materials, Argonne National Laboratory, Argonne, IL, USA, using the Advanced Photon Source beamline 26-ID-C [29] . At this beamline, the angle between incident beam and fluorescence detector is fixed at 90°, and the angle between the incident beam and the sample surface was 75°(beam incident through the solar cell back surface; measurement with the X-ray beam incident through the front is not possible due to high X-ray absorption of the glass substrate).
The coherent X-ray beam of 9-keV photon energy was focused to a spot size of 40-nm full-width at half-maximum with a photon flux of 8 × 10 8 photons/s. Current measurements were taken simultaneously with XRF scans, but, as expected, there is a significant degradation caused by the X-ray beam that is discussed in detail elsewhere [30] , [31] . In order to be able to collect XBIC signal before the degradation, we performed two scans for each region. In the first scan, we used the fastest possible scan speed (limited at the nanoprobe beamline by the translation speed of the motors moving the X-ray optics for spatial scanning) and an aluminum filter, which attenuated the incident photon flux to 35%.
For a high signal-to-noise ratio of the XRF measurements, the Al filter was removed for a second scan on the same area. Although the electrical response at the specific measurement spot decreased dramatically due to the high X-ray intensity, tests have shown that the elemental distribution is not affected within measurement error (see Section III-A and [30] and [31] ).
All measurements were performed in vacuum to protect the X-ray optics; the effect of low pressure on the investigated type of PSCs is discussed in [32] .
Postprocessing and quantification of the XRF data followed the process described in [33] . The steps included corrections for thickness variations of the absorber layer as well as compensation for attenuation losses for the incident and excident X-ray photons.
III. RESULTS AND DISCUSSION
A. Experimental Results: X-Ray Fluorescence Versus X-Ray Beam-Induced Current
To understand the correlation between elemental distributions and charge collection on nanoscale, we correlated n-XRF to XBIC in mesoscopic devices with transparent rear electrode. Such cells are of particular importance for high-efficiency tandem solar cells [34] with a wide-bandgap perovskite top cell and a narrow-bandgap silicon or CuIn x Ga 1−x Se 2 (CIGS) bottom cell, which take advantage of the high spectral efficiencies of individual subcells in specific wavelength regions [35] . Fig. 1 shows the spatial distributions of a region of 6 μm × 6 μm (representative for the device) with 100 nm × 100 nm pixel size of the elements Pb, I, and Ti, as well as the ratio of lead to iodine, weighting Pb three times as much as I (3Pb/I) such that we expect 3Pb/I = 100% for stoichiometric CH 3 NH 3 PbI 3 . All compositional maps are corrected for attenuation of the incident X-ray beam and self-absorption of the fluorescence photons.
The distribution of I could be measured with highest signal/noise ratio followed by Pb and Ti. The reason for the decrease in sensitivity is mainly the different absorption coefficients of the I L , Pb M , and Ti K electrons at the given excitation energy. In the case of Ti, the signal is further reduced by the attenuation of the incident and excident X-rays by the overlaying strongly X-ray absorbing layers.
Note that the distribution of I does not follow a single Gaussian distribution. Instead, we rather observe two distinct plateaus of high/low concentration that can be interpreted as regions of maximum/minimum perovskite layer thicknesses originating from perovskite absorber material being deposited within the TiO 2 scaffold as well as on top of it. We separated regions of high iodine concentration utilizing a watershed analysis [36] .
The distributions of I and Pb show a significant correlation as is expected from the stoichiometry of CH 3 NH 3 PbI 3 . The strong variation of Pb and I is mainly due to different concentrations of perovskite material rather than different concentrations of Pb and I in CH 3 NH 3 PbI 3 and reflects mainly topological differences expected for a nanocrystalline absorber layer grown on a mesoscopic TiO 2 scaffold. In this case, we would expect an anticorrelation of Ti with Pb and I (the perovskite layer is thin- ner on top of the TiO 2 scaffold and tends to fill into the spaces between the mesoporous TiO 2 nanoparticles).
Unfortunately, the Ti concentration measurement suffers from strong noise due to strong attenuation of the incident X-ray, and even greater attenuation of the fluorescence photons by the layers on top of it. It is still possible, however, to observe a trend of enhanced Ti concentration at places of low Pb and I concentration.
From the stoichiometry and reports about heterogeneity detected by cathodoluminescence, photoluminescence, X-ray diffraction, and n-XRF [37] , we expected small variations in the Pb/I ratio, which is confirmed by the measurements. However, it is noteworthy that while the average Pb/I distribution seems to be substoichiometric, there are regions of higher than stoichiometric lead concentrations, particularly at regions of low total fluorescence signal, corresponding to thin perovskite layers on top of the scaffold. This could indicate an increased appearance of a PbI 2 phase, 1 as investigated in [38] , but is speculation at this time and needs verification through data with higher signal/noise ratios (done by using longer dwell time) and increased statistics, or through methods that are sensitive to the chemical state of Pb and I, such as near-edge X-ray absorption fine structure. Furthermore, the absolute concentrations need to be interpreted with care: the quantification algorithms were developed for layer stacks that have smoother interface and surface topologies. Assumptions used for the quantification described in [33] are partially not met for mesoscopic PSCs. However, we are confident in the relative trends and are working on improved quantification algorithms.
The first two XBIC maps show the XBIC measured by the current amplifier without any corrections applied: XBIC slow raw was measured simultaneously as the compositional maps by XRF. Under these conditions, the electrical performance of the solar cell decays too quickly to allow for relevant conclusions from the measured distribution of the XBIC or the derived charge-collection efficiency. However, this degradation is purely an electrical effect, and the distribution of Pb and I is not affected within the measurement time: For verification, we have recorded the XRF spectra at different spots of the same sample discussed in Fig. 1 , during 10 min of permanent irradiation under the same conditions that the XRF maps in Fig. 1 were recorded. Exemplarily, Fig. 2 shows the evolution of XRF spectra of one spot over 10 min. Up to 10 s, the variations of the XRF signal of the perovskite elements Pb and I are comparable with the signal variation of In and Sn; no clear trend can be observed. On longer time scales, it is possible that the Pb and I signals drop slightly. However, such eventual changes are orders of magnitudes 1 The absolute quantification of lead and iodine is critical (not their lateral distribution), mainly because of the scaling of the absorption using the Pb M and I L edges. In Fig. 1 , we assume that the indicated lead-to-iodine ratio is 20-30% lower than the real ratio. In this case, the majority of the map would show stoichiometric MAPI with 3Pb/I 100%, and few spots with 3Pb/I up to 150%, which would be expected for PbI 2 . smaller and slower compared with the decay of the XBIC signal. For detailed discussion of X-ray beam-induced degradationelectrically and compositionally-see [30] and [31] .
For meaningful XBIC measurements, we measured a map of the same area prior to the XRF measurements under less degrading conditions, namely by shortening the dwell time and attenuating the intensity of the incident X-ray beam by an aluminum filter with 35% transmittance. Note that this minimally affects the measurement quality, due to the fast electrical response of the solar cells and the use of low-noise XBIC signal amplification. The resulting current distribution is shown in Fig.  1 as XBIC fast raw . Although regions of high and low current are clearly distinguishable, these raw data need to be corrected for two effects. First, we applied a thickness correction, dividing the raw image, pixel by pixel, by the corresponding absorptance of Pb and I (the absorption of the other elements C, N, and H in the absorber layer is negligible at 9 keV) as detailed in [33] and justified by the fact that electron-hole pair generation is approximately proportional to the absorbed energy (dose). This proportionality factor was determined experimentally to be within measurement error constant [39] . This corrects for the effect of topology-thicker layers lead to enhanced X-ray absorption, hence, enhanced current-and allows for the interpretation of XBIC as a charge-collection efficiency. The result is shown as XBIC abs.corr . Second, we corrected for the degradation. As demonstrated in [30] and [31] , the X-ray beam-induced degradation of the XBIC signal with exposure time t can be described by a double exponential in vacuum. Therefore, we fit XBIC abs.corr (t) with a double exponential as shown in the left column of Fig. 3 and normalized each pixel by the corresponding value. Whereas the X-ray beam-induced signal decay is for XBIC slow raw so strong that the resulting map (not shown) does not resolve differences in the original charge-collection distribution, the significantly reduced degradation in XBIC abs.corr preserves the charge-collection distribution.
Furthermore, the higher dose in the center of maps (see [31] for details) manifests as higher XBIC signal toward the borders. Therefore, a second degradation correction was applied, normalizing the map columnwise to the polynomial-fit distribution of the sum of all pixel currents in a column, as shown in the right column of Fig. 3 . The result of the degradation correction of XBIC abs.corr is shown as XBIC deg.corr abs.corr . Note that the large scattering of the data points in XBIC abs.corr and the seemingly poor fit of the columnwise integrated signal is not measurement noise but a manifestation of well-resolved features of different charge collection. Perfect fits would not only correct for degradation but wash the features out.
The features in the XBIC distribution after corrections might be interpreted as a higher charge-collection efficiency in regions of thinner perovskite absorber layer and higher recombination in regions of thicker perovskite absorber layer. Unfortunately, the absorption corrections assume small topology variations and neglect the interplay between topological variations and measurement geometry, which is particularly important for self-absorption of the fluorescence photons (due to their small exit angle and low energy) and secondary particle generation (electrons and photons). Therefore, the interpretation of XBIC as charge-collection efficiency does not entirely hold with the present corrections, and thus, more sophisticated algorithms need to be found to qualitatively understand XBIC measurements of PSCs and to quantify the charge-collection efficiency at the nanoscale. (Note that the original algorithms were developed for solar cells with CIGS absorber layers, for which the limitations have far less dramatic effects; an error estimation is given in the supplementary information of [33] ). Nevertheless, we are confident that the measured trend of a higher XBIC signal at regions of thin perovskite layer holds. This is in agreement with the expectation of a higher charge-collection efficiency in regions of a thin absorber layer, where the average charge-collection path between the spot of electron-hole pair generation and the charge-separating TiO 2 /perovskite interface is smaller than the average charge-collection path in thick absorber layer regions. Alternatively, the charge-collection efficiency variations could be attributed to different ratios of PbI 2 /CH 3 NH 3 PbI 3 [38] .
To our knowledge, these are the first XBIC measurements with nanoscale resolution of PSCs.
B. Simulation Results: Absorption Coefficients
The currently limited understanding of X-ray beam-induced charge generation and charge collection in complex and highly inhomogeneous device structures, such as mesoscopic PSC stacks, motivates our simulation studies that are subject of this and the following subsections. Fig. 4 shows the absorption length of X-ray photons in CH 3 NH 3 PbI 3 as a function of the photon energy. At 9 keV, the energy of our measurements, it is 13.2 μm. These simulations were performed for a mass density of 4 g/cm 3 that seems rea- 3 as a function of the electron energy. Whereas the stopping power is fully governed by electron collisions, radiation starts to impact the straggling additionally at energies above 10 keV. sonable for actual devices, being between reported values for compact CH 3 NH 3 PbI 3 perovskite crystals (up to 4.16 g/cm 3 ) and CH 3 NH 3 PbI 3 ·H 2 O (below 4 g/cm 3 ) [40] . The equivalent parameters for electron interactions, i.e., stopping power and straggling, are shown in Fig. 5 . Note that the simulation of XBIC measurements imperatively involves secondary particle interactions, hence, interactions of photons and electrons with matter. Fig. 6 shows exemplarily the outcome of the simulation for a full solar cell stack similar to the one used in the XRF/XBIC measurements. Based on the interaction cross sections of the different processes, the measurement geometry, and the sample stack (which includes the data shown in Figs. 4 and 5 corresponding to all the materials in the simulated stack), trajectories of incident photons are simulated including the particle shower of all secondary electrons and photons generated by the primary photons. For example, fluorescence photons, which have a lower energy than the primary photon, tend to have a higher absorption cross section and are isotropically emitted causing them to be more likely to be absorbed within the sample and generate tertiary high-energy electrons that, in turn, generate a whole electron shower. At low energy (typically below 50 eV), the particle interactions are no longer governed by the physics of average electron density and energy levels of inner-shell electrons and are instead governed by local chemistry and band physics. Therefore, this type of simulation of high-energy particle physics interactions is not applicable at low energies. Fortunately, absorption cross sections of low-energy photons and electrons are very high, and the absorption length is small compared with the high-energy particles. This suggests that it is valid to approximate that electrons are thermalized at the spot where their energy falls below 50 eV and are no longer contributing to the shower. At this spot, an electron enters the band structure; from here, it can be collected or recombine. For this reason, such spots-denoted "end-of-trajectory" and marked with red dots in Fig. 6 -indicate the spots of charge generation that define the interaction volume XBIC measurements are sensitive to.
C. Simulation Results: Interaction Volume
The separation of primary and secondary particles not only leads to an interaction volume with a wider radius than the spotsize of the incident beam but to interface effects between different materials as well. Such an effect is visible in Fig. 6 at the interfaces on both sides of the spiro-MeOTAD: due to its lower absorption coefficient, more high-energy particles scatter from the perovskite and IOH/WO x into the spiro-MeOTAD than vice versa. Similar effects to this one are visible at other interfaces.
For a quantitative XBIC analysis, this type of simulations allows us to estimate the fraction of electron-hole pairs being generated in each layer. This is more important for the interpretation of XBIC measurements in comparison with laser-beaminduced current or external quantum efficiency measurements with visible light. In these cases, the electron-pair generation relevant for charge-collection efficiency takes place only in the absorber layer.
However, in the case of incident high-energy photons (XBIC) or electrons (EBIC), electron-hole pairs are generated also in other layers. Whereas X-ray beam-induced electron-hole pairs generated in the perovskite absorber layer are being collected (or recombine) just like during standard solar cell operation under visible light, the collection of X-ray beam-induced electronhole pairs generated in other layers depends on the transport of both carriers, which prohibits a charge collection in most cases. For example, electrons generated in the IOH layer will hardly make their way through the p-type spiro-MeOTAD and cross the p-n junction to the n-type contact. Similarly, holes generated in the back-contact ITO (or even in the glass) will hardly contribute to the collected XBIC signal. For electron-hole pairs generated in the TiO 2 layer, the situation is not that trivial; on one hand, we do not expect them to contribute significantly to the XBIC signal because of the poor hole-transport properties of TiO 2 , but on the other hand, such contributions could provide an alternative explanation to the contribution from PbI 2 , as suggested in [31] for degraded PSCs.
For quantitative XBIC analysis, we suggest an alternative approach. Instead of counting end of trajectories of electrons with an energy below 50 eV in each voxel and extracting the (low-energy) electron density distribution, we can extract the distribution of absorbed energy by adding the deposited energy at each interaction in a specific voxel. From the dose distribution, the number of generated electron-hole pairs can be estimated from the formula
where E γ and E g are the energy of the incident photons and the semiconductor bandgap, respectively, following the correlation between radiation-induced ionization energy and bandgap energy demonstrated in [39] . Fig. 7 shows the dose distribution for a perovskite absorber layer under the measurement conditions used to obtain the results reported in Fig. 1 . From this distribution, the interaction volume is extracted, shown here as the contours of ±1σ (68.26%), ±2σ (95.45%), and ±3σ (99.73%) of the total absorbed energy. Whereas the interaction volume extends as deep as 100 μm into the CH 3 NH 3 PbI 3 material, 68% of the energy is deposited within a radius of 100 nm. The dramatically larger radius of the ±3σ interaction volume is caused by fluorescence photons that transport energy much further from first interaction points than electrons. The same effect is responsible for the "hump" in the dose distribution at low doses.
IV. CONCLUSION
We have demonstrated the feasibility of synchrotron-based XBIC measurements of state-of-the-art PSCs with nanoscale resolution for the first time and have related these electrical measurements with compositional measurements done by XRF on a pixel-by-pixel basis.
The distribution of the Pb/I concentration ratio shows maxima where the absorber layer thickness is minimal. This could indicate a higher concentration of PbI 2 as compared with stoichiometric CH 3 NH 3 PbI 3 ; however, measurements with a higher signal-to-noise ratio, as well as higher statistics and nearestneighbor sensitive measurements, will be necessary to confirm this statement.
Although we observe distinct features in the electrical response of the PSC that align with elemental distributions, the interpretation of the XBIC signal as charge-collection efficiency is not as straight forward as for other solar cell types. The reason for this is mainly the strong inhomogeneity of the absorber layer that does not allow the same analysis that is regularly used for CIGS solar cells; an improvement of the XRF and XBIC correction algorithms is under development.
This also motivates a fundamental investigation of the charge generation by X-rays as it occurs during XBIC and XRF measurements. Using Monte-Carlo simulation, we detailed the relevant absorption processes and demonstrated two different ways to estimate the distribution of generated charge carriers that ultimately lead to the contour of the interaction volumes for different fractions of the total absorbed energy. Whereas the depth of the interaction volume for a 9-keV X-ray beam along the Z-direction is found to be on the order of 100 μm, i.e., orders of magnitude larger than device-relevant absorber-layer thicknesses, the radius of the interaction volume is only 100 nm for 68.26% of the total absorbed energy and 10 μm for 99.73%. This demonstrates why the radius of the interaction volume is particularly significant with respect to the spot size of nanoprobe synchrotron beamlines; whereas compositional information from XRF is often limited by the spotsize, XBIC signal measured at beamlines with nanometer-scale resolution is fundamentally limited by the interaction volume defined by secondary particle interactions. Nevertheless, the great sensitivity of these experimental methods lets us detect and compare features well below the interaction radius; however, the quantification needs to account for the weighted averaging of the charge origin over the interaction volume.
In short, we have demonstrated the spatial correlation between chemical makeup and recombination using X-ray nanoprobe beamline techniques. This approach provides a foundation that enables the systematic engineering of PSCs as well as a fundamental understanding of the role of defects and impurities in the cell's function.
